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PART I: 
A .  
FINAL REPORT 
CONTRACT NAS 9-5880 
"DEVELOPMENT OF INSTRUMENTATION FOR 
MEASUREMENT OF BONE DENSITY" 
Bone Densi ty  Ins t rumenta t ion  
In t roduc t ion  
For s e v e r a l  decades methods have been sought  for d e t e r x i n i n g  
Mack, e t  a l . ,  t h e  d e n s i t y  of bones i n  the  l i v i n g  human s k e l e t o n .  
have developed and descr ibed  techniques  and equipment used for 
i , 2 , 3 , 4  
t h e  q u a n t i t a t i v e  roentgenographic measurement of bone d e n s i t y .  
The roentgenographic  technique c o n s i s t s  of r e l a t i n g  t h e  o p t i c a l  
t r ansmi t t ance  of a roentgenogram of a bone t o  t h e  mine ra l  Cc , . s i ty  
of t h e  bone. 
7 
-c LAucl(, ,y - P. B . ,  A .  T .  O'Brien,  J .  M .  Smith,  and 
3s t ima t ing  Degree of Mine ra l i za t ion  of Bones 
icoentgenograms," Sc ience  89,  p .  467, (1939) .  -
A .  W .  Bauman, "Method for 
From Tracings of 
2 AluLl<,  P. B . ,  W .  N .  Brown, Jr., and H .  D .  Trapp, "The Q u a n t i t a t i v e  
-:valuation of Bone Dens i ty ,  'I American J o u r n a l  of Roentgenology 66 
r.. 808, (1949).  - 3  
'Nack, P. B . ,  G . P. Vose, and J. D .  Nelson , "New Equipment Development 
i n  t h e  Roentgenological  Measurement of Bone Dens i ty ,"  American J o u r n a l  
of Roentgenology 82, p . 303, (1959).  
4Andcrson, J .  B . ,  J .  Shimmins, and D .  A .  Smith,  "A New Technique for t h e  
Measurement of Metacarpal  Density", B r i t i s h  J o u r n a l  of Radiography 39 
p.  443, (1966) .  
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The f i r s t  procedures used t o  determine bone d e n s i t y  from 
roentgenograms cons i s t ed  of manual manipulat ion of t h e  o p t i c a l  
t r ansmi t t ance  d a t a .  A s  roentgenographic  procedures evolved,  
ins t rumenta t ion  techniques were app l i ed  t o  va r ious  phases of t h e  
d a t a  process ing .  Th i s  c o n t r a c t  provided f o r  a program t o  
opt imize  t h e  Texas Woman's Un ive r s i ty  (TWU) roentgenographic  
technique .  This  program was e f f e c t e d  i n  two phases .  Phase I 
included t h e  s e l e c t i o n  and i n t e g r a t i o n  of a d i g i t a l  computer 
i n t o  t h e  TWU i n s t a l l a t i o n ,  and Phase 11. included a n  eva lua t ion  
of t h e  d i g i t a l  system a s  w e l l  a s  a s tudy  of va r ious  a l t e r n a t i v e  
in s t rumen ta t ion  systems. 
B. 'IWU Analog Bone Density Computer System 
The purpose of t h e  bone d e n s i t y  measuring system is  t o  
eva lua te  t h e  i n t e g r a t e d  bone d e n s i t y  over  a s p e c i f i c  c r o s s -  
s e c t i o n  of bone. The problem may be descr ibed  a s  fo l lows .  
A roentgenogram of a s tandard  aluminum c a l i b r a t i o n  wedge 
and t h e  d e s i r e d  bone i s  obta ined  i n  a s i n g l e  exposure.  This  
i n s u r e s  uniform exposure and process ing  cond i t ions  f o r  t h e  
r e f e r e n c e  and t h e  v a r i a b l e  t o  be measured. The developed f i l m  
is  then  scanned t o  measure o p t i c a l  t r ansmi t t ance  by means of 
a scanning microdensi tometer .  F i r s t ,  t h e  image of t h e  wedge 
i s  scanned t o  determine t h e  r e l a t i o n  between o p t i c a l  t r a n s m i t t a n c e  
and t h e  t h i c k n e s s  of t h e  r e f e r e n c e  wedge as recorded on t h e  
p a r t i c u l a r  f i l m .  (The c a l i b r a t i o n  wedge is  a wedge-shaped o b j e c t  
whose t h i c k n e s s  varies l i n e a r l y  with d i s t a n c e  a long  t h e  wedge 
3 
and i s  made o u t  of a m a t e r i a l  of known x-ray a b s o r p t i o n / s c a t t e r i n g  
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p r o p e r t i e s . )  
scanner  ou tpu t  for a scan of t he  wedge image may look similar 
The g raph ica l  r e p r e s e n t a t i o n  of the o p t i c a l  
t o  the curve  shown i n  Figure 1. 
O p t i c a l  
Scanner 
ou tpu t  
Voltage 
Time (Distance a long  wedge or wedge t h i c k n e s s )  
F I G U R E  1. Typica l  Wedge Scan Curve 
Secondly,  t h e  bone image i s  scanned a long  t h e  d e s i r e d  c r o s s -  
s e c t i o n .  A t y p i c a l  curve i s  dep ic t ed  i n  F igure  2 .  
O p t i c a l  
Scanner 
output  
Voltage 
Time (Distance a long  bone) 
FIGURE 2 .  Typica l  Bone Scan Curve 
The curves  shown i n  F igures  1 and 2 r e p r e s e n t  t h e  basic 
i n p u t s  fo r  measurement of bone d e n s i t y .  
must t h e n  conver t  t h e  o p t i c a l  scanner  v o l t a g e  ou tpu t  for the  bone 
scan  t o  a curve  of equ iva len t  d e n s i t y  ( i n  terms of wedge t h i c k n e s s )  
and i n t e g r a t e  t h e  a r e a  under t h e  r e s u l t i n g  cu rve .  The convers ion  
between o p t i c a l  scanner ou tpu t  for t h e  bone scan and e q u i v a l e n t  
wedge th i ckness  i s  made us ing  the f i r s t  cu rve .  The curve i s  
The computation system 
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4 
en te red  a t  t h e  va lue  of o p t i c a l  scanner  output  and t h e  wedge 
th i ckness  i s  r ead  on the a b s c i s s a .  This equ iva len t  wedge th i ckness  
i s  used i n  t h e  subsequent i n t e g r a t i o n  of t h e  d e n s i t y .  
I n  t h e  analog system i n  use  a t  Texas Woman's U n i v e r s i t y ,  
t h e  conversion between o p t i c a l  scanner  ou tpu t  dur ing  t h e  bone 
scan  and equ iva len t  wedge th i ckness  i s  made by us ing  a non l inea r  
r e s i s t a n c e  s l i d e w i r e  output  from a c h a r t  r eco rde r .  The 
n o n l i n e a r i t y  can  be manually a d j u s t e d  so t h a t  t h e  ou tpu t  i s  
approximately l i n e a r  during a wedge scan .  The i n t e g r a t i o n  i s  
accomplished by us ing  an e lec t ro-mechanica l  i n t e g r a t o r .  
block diagram of t h i s  system i s  shown i n  F igure  3 .  
A 
IRECORDER : < < 
- -. - _- 
aINTEGRATOR 1 ~YPEEDOMAX j G I RECORDER 1 I i L---_- -- 
3 '  
c \.' 
20 Segment 
L inea r i z ing  Potentiometer -.---w g 
I 
FIGURE 3.  Block Diagram of Analog Bone Density Computer System 
The scanning microdensitometer used i n  t h e  TWU i n s t a l l a t i o n  
i s  a modified Knorr-Albers Microphotometer manufactured by Leeds 
and Northrup Company ( ca t a log  EM9-90( 2)1953).  The Knorr-Albers 
Microdensitometer c o n s i s t s  of two u n i t s :  (1) a scanning u n i t  
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con ta in ing  t h e  f i l m  d r ive  mechanism, o p t i c s ,  p reampl i f i e r  and 
coi i t rols ,  (Dwg. No. D-21451, and ( 2 )  a Leeds and Northriup 
Speedomax "G" Recorder (Dwg. No. 555-672-A-10). The f i l m  t o  
be scanned is  clamped between two p l a t e s  of g l a s s  mounted i n  a 
motor-driven mechanical assembly configured s o  as t o  move t h e  
f i l m  along a g iven  path a t  a cons t an t  speed ( s e l e c t a b l e ;  0 . 1 ,  
0 . 2 ,  0 . 5 ,  1, 2 ,  5,  10, 20 or 50 mm per  minute) .  A s t r a i g h t - l i n e  
f i l amen t  lamp i s  used as t h e  l i g h t  sou rce .  
f i l amen t  i s  focused upon t h e  f i l m  through a a10 l e n s  ( t h i s  
provides  a r e c t a n g u l a r  i l l umina ted  area on t h e  f i l m  of 
approximately 0.Olmm x 1.5mm). 
t h e  f i l m  is t h e n  focused through a x10 l e n s  upon a ground g l a s s  
s u r f a c e .  
ground glass s u r f a c e .  A ske t ch  of t h e  scanning u n i t  is  shown 
i n  F igure  A .  
The image of t h e  
The l i g h t  t r a n s m i t t e d  through 
The pho toce l l  i s  respons ive  t o  t h e  l i g h t  upon t h e  
The vo l t age  from t h e  p reampl i f i e r  ( f u n c t i o n a l  w i th  t h e  
t r ansmi t t ed  l i g h t )  is sensed and recorded by t h e  Speedomax "GT1  
Recorder .  Th i s  recorder  i s  of t h e  se l f -ba l anc ing  se rvo  t y p e  
having a f u l l  scale d e f l e c t i o n  s e n s i t i v i t y  of approximately 
7mv. The 20-segment l i n e a r i z i n g  poten t iometer  i s  d r iven  by t h e  
servomotor.  A ske t ch  of t h e  r eco rde r  i s  shown i n  F igure  5A. 
The ope ra to r  s e q u e n t i a l l y  a d j u s t s  t h e  trimming poten t iometers  
P 1  through P20 t o  compensate f o r  t h e  non- l inea r  c h a r a c t e r i s t i c s  
of t h e  curve .  Each potent iometer  a d j u s t s  t h e  s l o p e  of t h e  
r e s u l t a n t  curve  over 1 /20  of t h e  range .  A t empla t e  placed 
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C. 
over  the  segment of t he  cu rve  t o  be c o r r e c t e d  provides  t h e  
ope ra to r  with a d i r e c t  readout  of the proper adjustment  of t h a t  
poten t iometer  ( t h e  d e t a i l s  of t h i s  process  a r e  g iven  i n  a 
5 paper by Mack) . 
A second Speedomax "G" r e c o r d e r  provides  a r eco rd  of t h e  
l i n e a r i z e d  d a t a ,  and an  e lec t ro-mechanica l  i n t e g r a t o r  ( Ins t rom 
I n t e g r a t o r )  provides  the  c a p a b i l i t y  of measuring t h e  a r e a  under 
the cu rve .  
General  Requirements of Bone Dens i ty  Ins t rumen ta t ion  Systems 
Th i s  s e c t i o n  w i l l  o u t l i n e  some of the g e n e r a l  requirements  
of va r ious  a s p e c t s  of t h e  s u b j e c t  t echn ique .  Mack employs a 
l i n e a r  wedge as  t h e  c a l i b r a t i o n  o b j e c t .  It is n o t  necessary  
t h a t  t h e  c a l i b r a t i o n  o b j e c t  have a l i n e a r  t h i c k n e s s  f u n c t i o n .  
I n  g e n e r a l ,  the  c a l i b r a t i o n  o b j e c t  must have a cont inuous and 
monotonic t h i c k n e s s  f u n c t i o n  over  the desired t h i c k n e s s  r ange .  
However, t h e  choice  of a l i n e a r  t h i c k n e s s  f u n c t i o n  provides  some 
desirable c h a r a c t e r i s t i c s  t h a t  permit o v e r a l l  system s i m p l i f i c a t i o n .  
The response func t ions  of a l l  system elements up t o  t he  
l i n e a r i z i n g  potentiometer must be cont inuous and monotonic, i . e . ,  
t h e  inpu t /ou tpu t  and ou tpu t / inpu t  r e l a t i o n s  must be unique .  
Note tha t  l i n e a r  responses  of these elements i s  no t  r e q u i r e d .  
Funct ions performed a f t e r  t he  l i n e a r i z i n g  process  must be l i n e a r  
( i . e . ,  the  second Speedomax "G" r e c o r d e r  and t h e  i n t e g r a t o r ) .  
'Mack, P. B . ,  G .  P. Vose, and J. D .  Nelson, "New Equipment Development 
i n  t h e  Roentgenological  Measurement of Bone Dens i ty ,  I' American J o u r n a l  
of Roentgenology 82, p. 303, (1959).  
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A It erna t i v  e Ins t rumenta t ion  Systems 
Ths analog system i n  use  a t  TVJU r e f l e c t s  s t a t e - o f - t h e - a r t  
i n s t rumen ta t ion  f o r  i t s  time of c o n s t r u c t i o n  (1940's) .  
i nhe ren t  accuracy of t h i s  system is  e n t i r e l y  adequate ;  however, 
as  more and more d a t a  i s  processed,  t h e r e  i s  i n t e r e s t  i n  speeding 
up t h e  d a t a  r educ t ion  process .  S e v e r a l  ins t rumenta t ion  systems 
have been suggested and analyzed t h a t  provide increased  degrees  
of automation and speed t o  t h e  process  (automation of ope ra to r -  
performed f u n c t i o n s  a lso tend  t o  i n c r e a s e  t h e  o v e r a l l  system 
accuracy and r e l i a b i l i t y ) .  Four such systems w i l l  be d i scussed  
i n  t h e  fo l lowing  paragraphs.  
The 
1. Addi t iona l  automation of p re sen t  analog system. 
The p r i n c i p l e  drawback t o  t h e  p re sen t  system i s  t h e  requirement 
of a n  o p e r a t o r  t o  perform t h e  s tep-by-s tep  l i n e a r i z a t i o n  
process  f o r  each f i lm  ( i . e . ,  t h e  s e q u e n t i a l  adjustment  of 
20 po ten t iome te r s ) .  
a d j u s t i n g  t h e  20 potent iometers  can be implemented. Such 
schemes would employ e i t h e r  a n  independent servomechanism 
S e v e r a l  methods of au tomat i ca l ly  
t o  se t  each potent iometer  ( 2 0  servo  systems) or a c l u t c h i n g  
arrangement so  t h a t  one se rvo  could be used t o  set  a l l  20  
po ten t iometers .  The f i l m  d r i v e  p l a t e  could be s tepped i n  
increments t h a t  d i v i d e  t h e  ou tpu t  v o l t a g e  i n t o  20 e q u a l  
s t e p s  - a t  each s tep  t h e  po ten t iome te r - se t t i ng  s e r v o  would 
set t h e  corresponding trimming poten t iometer  s o  t h a t  t h e  
ou tpu t  has  t h e  proper s l o p e .  
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Implementation of this t y p e  system would be very  expensive 
and would r e s u l t  i n  a very  ~ U Y K Y  sys t em.  
c o n t r o l  of such a sys tem would be r e l a t i v e l y  complicated.  
The swi tch ing  and 
Comparison system. 
For a l i n e a r  wedge-shaped c a l i b r a t i n g  o b j e c t ,  . t h e  d e n s i t y  
i s  a l i n e a r  func t ion  of d i s t a n c e  a long  t h e  wedge. 
a n u l l i n g  type  servomechanism i s  used t o  p o s i t i o n  a 
dens i tometer  a long  t h e  c a l i b r a t i n g  roentgenogram so t h a t  
it i s  always a t  a poin t  t h a t  h a s  t h e  same o p t i c a l  t r a n s m i t t a n c e  
as  t h e  bone roentgenogram, then  t h e  p o s i t i o n  of t h i s  
dens i tometer  can  be i n t e r p r e t e d  as  a measure of bone d e n s i t y .  
I n  t h e  fo rego ing  method, t h e  c a l i b r a t i o n  d a t a  from t h e  wedge 
roentgenogram i s  t r a n s f e r r e d  t o  a l i n e a r i z i n g  poten t iometer  
and subsequent ly  used t o  process  d a t a .  I n  t h i s  method 
t h e  c a l i b r a t i n g  d a t a  s t o r e d  on t h e  f i l m  i s  used d i r e c t l y  
by means of a second dens i tome te r .  
is shown i n  F igure  6 .  
Thus, i f  
A comparison t y p e  system 
The bone roentgenogram i s  sepa ra t ed  from t h e  wedge roentgenogram 
and each i s  placed i n  i t s  a p p r o p r i a t e  h o l d e r .  
s imul taneous ly  focuses  l i g h t  through both roentgenograms. 
Pho toce l l s  d e t e c t  t h e  l i g h t  t r a n s m i t t e d  through each f i l m .  
A summation c i r c u i t  compares t h e  p h o t o c e l l  ou tpu t s  and 
provides  a n  error s i g n a l  t o  a servomotor t h a t  moves t h e  
wedge f i l m  i n  t h e  d i r e c t i o n  t o  e q u a l i z e  t h e  p h o t o c e l l  
o u t p u t s .  Hence, as t h e  bone f i l m  i s  scanned a t  a c o n s t a n t  
A l i g h t  source  
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12 
r a t e  as  determined by t h e  f i l m  d r i v e  motor,  t h e  servomotor 
and associated c i r c u i t r y  tends i o  keep t h e  w e d y e  f i l m  
pos i t i oned  a t  a po in t  of e q u a l  o p t i c a l  t r a n s m i t t a n c e .  A 
l i n e a r  potent iometer  s ens ing  t h e  p o s i t i o n  of t h e  wedge 
f i l m  provides  a v o l t a g e  p r o p o r t i o n a l  t o  d i s t a n c e  a l o n g  
t h e  wedge. T h i s  i s  t h e  v o l t a g e  t o  be i n t e g r a t e d  by t h e  
i n t e g r a t o r .  
The advantages of t h i s  system are  s i m p l i c i t y  and accu racy .  
The arrangement sketched i n  F igure  7 u t i l i z e s  one l i g h t  
source  t o  scan both f i l m s ,  t he reby  e l imina t ing  t h e  need t o  
ba lance  or keep cons t an t  t h e  l i g h t  sou rces .  Although l i n e a r  
response of the pho toce l l s  i s  n o t  r e q u i r e d ,  t h e  response  
c h a r a c t e r i s t i c s  must be very  n e a r l y  a l i k e .  This  requirement  
could be e l imina ted  by a m i r r o r  and l i g h t  chopper arrangement 
s o  t h a t  one pho toce l l  a l t e r n a t e l y  senses  t h e  l i g h t  beam 
through t h e  bone f i lm  and t h e  l i g h t  beam through t h e  wedge 
f i lm.  The inhe ren t  accuracy i s  be t t e r  than  t h e  p r e s e n t  
system. The primary d isadvantage  of t h i s  system is  t h a t  
two film ho lde r  and d r i v e  mechanisms a re  r e q u i r e d .  U l t ima te ly  
t h i s  system could be  c o n s t r u c t e d  as  a s m a l l  t a b l e - t o p  u n i t .  
3 .  Genera l  purpose d i g i t a l  computer system. 
Phase I of t h i s  c o n t r a c t  c o n s i s t e d  of i n c o r p o r a t i n g  a 
general-purpose d i g i t a l  computer i n t o  t h e  TWU s y s t e m .  A 
D ig i t a l  Equipment Corporat ion PDP-8 computer was used f o r  
t h i s  purpose.  The d e t a i l s  concerning t h e  i n s t a l l a t i o n  and 
13 
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u s e  of t h i s  computer are  o u t l i n e d  i n  t h e  Phase I Repor t .  
As t h e  wedge roentyenoy-ram i s  scani-ied , the o p t i c a l  
t r a n s m i t t a n c e  d a t a  i s  sampled and s t o r e d  i n  t h e  computer 's  
memory. The computer i s  programmed t o  perform t h e  d e s i r e d  
manipulat ions of t h i s  d a t a .  
This system a f f o r d s  a lmost  any d e s i r e d  degree  of accuracy 
a t  t h e  expense of computer memory space .  This  i s  a r e l a t i v e l y  
expensive and bulky approach t o  t h e  in s t rumen ta t ion  problem. 
4 .  S p e c i a l  purpose d i g i t a l  computer. 
The non- l inea r  processes  encountered i n  t h e  roentgenographic  
techniques  are t h e  r e s u l t s  of w e l l  known p h y s i c a l  p rocesses .  
It i s  q u i t e  poss ib l e  t h a t  t h e  o p t i c a l  t r ansmi t t ance  f u n c t i o n  
f o r  t h e  wedge roentgenogram could be expressed as a r a t h e r  
s imple equat ion  with c o n s t a n t s  t h a t  could be determined wi th  
few ( p o s s i b l y  one) sample p o i n t s  from t h e  f i l m .  This  would 
permit  t h e  s t o r i n g  of t h e  wedge d a t a  i n  equat ion  form i n  
one of t h e  small desk -ca l cu la to r  t y p e  d i g i t a l  computers t h a t  
are  now a v a i l a b l e .  The d a t a  would t h e n  be processed i n  a 
s e m i - a n a l y t i c a l  manner for which t h e s e  computers a r e  i d e a l l y  
s u i t e d .  
The d e t a i l s  of t h i s  t echn ique  have n o t  been pursued.  It 
appears  f e a s i b l e  and i s  l i s t e d  h e r e  only as a p o s s i b i l i t y .  
'"Development of Ins t rumenta t ion  for Measurement of Bone Densi ty" ,  Phase 
I Repor t ,  Con t rac t  "AS 9-5880, January  1 0 ,  1 9 6 7 .  
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PART 11: 
A .  
Evaluat ion of D i g i t a l  System 
Accuracy Analys is  of D i g i t a l  Bone Density Measuring Systems 
The accuracy of t he  d i g i t a l  i n s t rumen ta t ion  f o r  t h e  
measurement of bone d e n s i t y  has  been eva lua ted  from d a t a  
submit ted by Texas Woman's U n i v e r s i t y .  
eva lua ted  on both a comparative b a s i s  (s imultaneous bone scans )  
and a b s o l u t e  b a s i s  (s imultaneous wedge s c a n s ) .  The a n a l y s i s  
of t h e  d a t a  i n d i c a t e s  t h a t  t h e  systems can  be expected t o  a g r e e  
t o  wi th in  approximately two p e r c e n t .  
The d a t a  h a s  been 
During t e n  simulated bone d e n s i t y  scans ,  t h e  r e f e r e n c e  
wedge image was rescanned i n s t e a d  of scanning a bone image. 
The d a t a  a r e  shown i n  Table I .  
and d i g i t a l  system should i n d i c a t e  6500 i n t e g r a t e d  counts  
du r ing  the r e scan .  
6472 counts  wi th  a sample s tandard  d e v i a t i o n  of 3 1  counts .  
The d i g i t a l  system ind ica t ed  a sample mean of 6491 with a 
sample s t anda rd  d e v i a t i o n  of 52 coun t s .  Based on s t a t i s t i c a l  
t es t s  a t  t h e  90% confidence l e v e l ,  t h e  v a r i a b i l i t y  of t h e  
d i g i t a l  system cannot  be shown t o  d i f f e r  from t h e  v a r i a b i l i t y  
of t h e  analog system. The t o l e r a n c e  i n t e r v a l s  ( a t  90% conf idence)  
expected t o  c o n t a i n  a t  l e a s t  95% of t y p i c a l  r ead ings  are  6380 
t o  6564 for t h e  ana log  system and 6329 t o  6653 f o r  t h e  d i g i t a l  
system. Note t h a t  t hese  r ead ings  appear  abnormally wide compared 
t o  t h e  s t anda rd  d e v i a t i o n ;  t h i s  is because of t h e  l i m i t e d  number 
of d a t a  p o i n t s .  
T h e o r e t i c a l l y ,  both t h e  analog 
The ana log  system i n d i c a t e d  a sample mean of 
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The d a t a  submitted by Texas Woman's Un ive r s i ty  con ta ins  
both ana log  and digital bone d e n s i t y  readings  of 55 bone 
images eva lua ted  p r i o r  t o  a f i n a l  d i g i t a l  program c o r r e c t i o n  
(Table 11) and 57 bone images eva lua ted  a f t e r  t h e  program 
c o r r e c t i o n  (Tables  I and iI1). 
a change i n  scale f a c t o r  t o  be a p p l i e d  i n  t h e  d i g i t a l  i n t e g r a t i o n  
of t h e  co r rec t ed  wedge scan .  The program c o r r e c t i o n  was expected 
t o  i n c r e a s e  t h e  mean reading of t h e  i n t e g r a t e d  bone scan  by 
approximately 3% (depending on t h e  number of sample p o i n t s  i n  
t h e  s c a n ) .  
c o r r e c t i o n  would s i g n i f i c a n t l y  a f f e c t  t h e  va r i ance  of t h e  
readings  obcained on successive scans  of t h e  same bone. 
The program c o r r e c t i o n  was 
There is no reason  t o  suspec t  t h a t  t h e  program 
I n  comparing t h e  r e s u l t s  of t h e  ana log  and d i g i t a l  systems,  
t h e  d i f f e r e n c e  i n  readings was converted t o  a percentage of 
t h e  ana log  r ead ing .  
a sum of many incremental  r ead ings ,  a gauss i an  or normal 
d i s t r i b u t i o n  of e r r o r s  i s  expected and convent iona l  t o l e r a n c e  
i n t e r v a l  estimates can be made. 
Because each d e n s i t y  reading  i s  a c t u a l l y  
The d a t a  obtained p r i o r  t o  t h e  program change was checked 
t o  determine t h e  form of i t s  d i s t r i b u t i o n .  When p l o t t e d  i n  a 
his togram, t h e  d a t a  appeared gauss i an  and s t a t i s t i c a l l y  t h e  
hypothes is  t h a t  t h e  da ta  was gauss i an  could n o t  be r e j e c t e d  
even a t  t h e  25% confidence l e v e l .  Based on t h e  55 d a t a  p o i n t s  
before  t h e  program change, t h e  sample mean e r r o r  was 4.38% and 
t h e  sample s tandard  d e v i a t i o n  was 1.95%. 
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TABLE I1 
COMPARATIVE R E S U L T S  O F  ANALOG AND D I G I T A L  BONE D E N S I T Y  MEASUREMENTS 
MADE PRIOR T O  F m A L  D I G I T A L  PROGRAM CHANGE 
S U B J E C T  AND TRACING INTEGRATED COUNTS PER CENT 
X-RAY DATE DAT E UNDER BONE SCAN D I F F E R E N C E  
A n a l o g  D i g i t a l  
26 11 
2611 
26 12 
2612 
2613 
2613 
2618 
26 18 
26 19 
2619 
2620 
2620 
2621 
26 21 
2624 
2624 
2625 
2626 
2623 
2623 
2628 
2628 
2630 
263 0 
263 1 
2631 
263 2 
263 2 
2633 
2633 
6-6-66 
6-6-66 
6-6-66 
6-6-66 
6-7-66 
6-7-66 
6-8-66 
6-8-66 
6-8-66 
6-8-66 
6-9-66 
6-9-66 
6- 9-66 
6-9-66 
6 - 10-66 
6 - 10-66 
6-10-66 
6-10-66 
6-10-66 
6-10-66 
6-11-66 
6-11-6 6 
6 - 13 - 66 
6 - 13-6 6 
6 - 13 - 66 
6-13-66 
6 - 14- 6 6 
6-14-66 
6-14-66 
6- 14-66 
8-3 0-66 
8- 3 1-66 
9-1-66 
9-2-66 
9-3-66 
9- 5-66 
9-6-66 
9- 7-66 
9-8-66 
9-9-66 
9- 10-66 
9- 12- 66 
9-l3-66 
9- 14 - 6 6 
9-15-66 
9-16-66 
9-17-66 
9-19-66 
9-20-66 
9- 21-66 
9-22-66 
9-23-66 
9-24-66 
9-26-66 
9-27-66 
9-28-66 
9-29-66 
9-30-66 
10- 1-66 
10 -3 - 66 
8151 
8182 
9097 
9129 
976 9 
9 741 
8682 
9019 
5998 
6045 
8641 
8697 
8148 
813 9 
8836 
8849 
8407 
7712 
9212 
9184 
900 5 
9082 
6927 
6987 
8364 
8410 
8 583 
8640 
8174 
8251 
8 774 
8773 
943 7 
9421 
10060 
1033 5 
8994 
8 703 
6459 
6 518 
9100 
917 5 
8600 
8 578 
9030 
9072 
8778 
8 114 
9461 
9417 
93 51 
93 86 
748 0 
7 5l3 
8746 
8811 
8 904 
8 943 
8 506 
8 562 
7.1 
6.7 
3.6 
3.1 
2.9 
5.7 
3.5 
-3.5 
7.1 
7.3 
5.0 
5.2 
5.3 
5.1 
2.1 
2.5 
4.2 
4.9 
2.6 
2.5 
3.7 
3.2 
7.4 
6.9 
4.4 
4.6 
3.6 
3.4 
3.9 
3.6 
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TABLE I1 (continued) 
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S U B J E C T  AND 
X-RAY DATE 
2615 
2615 
2634 
2634 
263 5 
263 5 
2636 
2636 
263 7 
263 7 
263 8 
263 8 
263 9 
2639 
2641 
2641 
2642 
2642 
2643 
2643 
2644 
" 2614 
2640 
2645 
2610 
6-7-66 
6- 7-66 
6 - 14-6 6 
6 - 14- 6 6 
6 - 14- 6 6 
6- 14- 66 
6-15-66 
6-15-66 
6 - 15-66 
6-15-66 
6- 16 -66 
6 - 16 - 6 6 
6-17-66 
6-17-66 
6-20-66 
6- 2 0-66 
6-20-66 
6-20-66 
6-20-66 
6-20-66 
6-21-66 
6-7-66 
6 - 17- 66 
6-22-66 
6-6-66 
TRACING 
DATE 
10-4- 6 G 
10- 5-66 
10-6-66 
10- 7-66 
10-8 - 66 
10 -10-6 6 
10- 11-66 
10 - 12- 66 
10-I3 -66 
10- 14- 66 
10 - 15- 66 
10-18-66 
10-19-66 
10- 20- 66 
10- 21- 66 
10-22-66 
10- 24-66 
10- 2 5 -66 
10-26-66 
10 - 2 7- 66 
10 - 28 - 66 
10 - 2 9- 66 
10 - 3 1- 66 
11- 1- 66 
11-2-66 
INTEGRA T ED COU NTS PEX CENT 
A n a  log  Digital 
UNDER BONE SCAN D I F F E R E N C E  
8791 8351 1.8 
8906 918 7 3 .O 
8829 9251 4.6 
8892 9267 4.0 
749 5 8 016 6.5 
7481 7924 5.6 
7961 8419 5.4 
8001 848 5 5.7 
70 54 7476 5.6 
7096 7479 5.1 
6614 6999 5.5 
6 548 6932 5.5 
8005 8380 4.5 
8029 8378 4.2 
5987 6364 6 .O 
5948 6338 6.1 
8231 866 5 5.0 
8 219 8622 4.7 
643 5 6869 6.3 
6481 6945 6.7 
7341 7624 4.3 
946 4 9474 0.1 
8 704 8896 2.4 
8928 9247 3.4 
9921 10041 1.2 
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TAELE I11 
COMPARATIVE R E S U L T S  O F  ANALOG A N D  D I G I T A L  BONE D E N S I T Y  MEASUREMENTS 
MADE A F T E R  F I N A L  D I G I T A L  PROGRAM CHANGE 
S U Z J E C T  AND TiWCING INTEGi l4TED COUNTS PER CENT 
X - R i Y  DATE DATE CINDER i3ONE SCAN D I F F E R E N C E  
A n a l o g  Digital 
V 
X 
X 
X 
X 
S 
W 
W 
V 
S 
S 
S 
S 
S 
S 
S 
S 
b s 
S 
S 
S 
S 
S 
S 
S 
S 
? 
P 
P 
0 - 0 - 6 6  
7-17-66 
7-18-66 
7-19-66 
7-20-66 
8-11-66 
9-2-66 
9-3-66 
8-11-66 
8- 12-66 
8 - 13 - 66 
8- 14- 66 
8-15-66 
8-17-66 
8-18-66 
8- 19-66 
8-20-66 
8-21-66 
8-22-66 
8- 23- 66 
8-25-66 
8-26-66 
8-27-66 
8-28-66 
8-29-66 
8-30-66 
8-30-66 
6-16 -66 
6- 14-66 
11-3-66 
11-4-66 
11-5-66 
11-7-66 
11- 8-6 6 
11-9-66 
11- 10-66 
11-11-66 
11- 12-66 
11- 14- 66 
11-15-66 
11-16- 66 
11- 17 - 66 
11-18-66 
11- 19- 66 
11- 21- 66 
11- 22 -66 
11-23-66 
11-24-66 
11- 2 8- 66 
11- 2 9- 6 6 
11-30-66 
12-1-66 
12-2-66 
12 -3 -6 6 
12- 5-66 
12-6-66 
2-6-67 
2-6-67 
11896 
11301 
10602 
10724 
11409 
9244 
10731 
10875 
11538 
8962 
8 943 
9486 
8994 
8761 
8811 
8908 
9064 
9092 
8994 
8951 
8817 
8812 
9061 
8804 
9244 
8811 
10293 
1013 9 
9979 
118 2 4  
1123 0 
10 510 
10701 
11360 
9170 
10828 
10938 
11476 
8911 
8969 
9 540 
8961 
8820 
8769 
8988 
8 993 
9158 
9026 
9026 
8865 
8901 
9004 
8773 
9201 
8724 
10 2 16 
10232 
10064 
-0.60 
-0.63 
-0.87 
-0.21 
-0.43 
-0.80 
+o .91 
+G .58 
-c  .54 
-0.57 
+G .29 
+o .57 
-0.37 
+O .67 
-0.48 
+o .90 
-0.78 
+O .73 
+O .36 
+O .84 
+O .54 
+l. 00 
-0.63 
-0.35 
-0.47 
-0.99 
-0.75 
+O .92 
+O .85 
TABLE I11 (continued) 
20 
S U B J E C T  AND TRACING INTEGRATED COUNTS PER CENT 
X-RAY DATE DATE UNDER BONE SCAN D I F F E R E N C E  
Ana log Dig i t a l  
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
6- 18-6 6 
6-20-66 
6-22-66 
6- 23 -66 
6-24-66 
6-25-66 
6-27-66 
6-28-66 
6-29-66 
6-30-66 
7-1-66 
7-2-66 
7-3-66 
7-4-66 
7- 5-66 
7-6-66 
7- 7-66 
7-8-66 
2-6-67 
2-6-67 
2-6-67 
2-6-67 
2-6-67 
2- 7-67 
2-7-67 
2-7-67 
2-7-67 
2-7-67 
2-7-67 
2-7-67 
2-7-67 
2-8-67 
2-8-67 
2-8-67 
2-8-67 
2-8-67 
10363 
10291 
9983 
10307 
10218 
10096 
9992 
10 2 96 
10221 
103 14 
10139 
10249 
10308 
103 04 
106 14 
10384 
10320 
10320 
i O " r 0 6  
103 56 
1003 9 
10411 
10298 
1013 2 
10064 
10349 
10298 
10418 
10212 
102 50 
10361 
10297 
10649 
10428 
10375 
103 97 
+O .41 
+O .63 
+O .56 
+1.01 
+O .78 
+O .36 
+O .72 
+O .51 
+O .75 
+l. 01 
+O .72 
+o .01 
+O .51 
-0.07 
+o .33 
+O .42 
+o .53 
+O .75 
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The d i s t r i b u t i o n  of t h e  57 d a t a  po in t s  ob ta ined  a f t e r  
t h e  program change was a l s o  checked. The his togram shewed a 
peak on each s i d e  of t h e  mean i n s t e a d  of t h e  expected s i n g l e  
peak about  t h e  mean. S t a t i s t i c a l l y ,  t h e  hypothes is  t h a t  t h e  
samples came from a normal d i s t r i b u t i o n  could be r e j e c t e d  
a t  t h e  99.5% confidence l e v e l .  Analys is  was cont inued with 
t h e  assumption of a gauss ian  d i s t r i b u t i o n  because 
1) t h e  data from t h e  previous run  appeared gauss i an ,  and 
2 )  t h e r e  i s  no reason t o  expect  t h e  d a t a  t o  be d i s t r i b u t e d  
i n  a manner o t h e r  t han  gauss i an .  
Based on t h e  57 da ta  p o i n t s  ob ta ined  a f t e r  t h e  program I 
~ 
change, t h e  sample mean e r r o r  was 0.11% with  a sample s t anda rd  
d e v i a t i o n  of 0.64%. Tolerance i n t e r v a l  estimates obta ined  from I 
t h e  d a t a  i n d i c a t e  t h a t  t h e  p r o b a b i l i t y  i s  99% t h a t  a t  l ea s t  99% 
of a l l  readings  from t h e  d i g i t a l  system w i l l  ag ree  w i t h i n  
-2.05% t o  +2.27% of t h e  r ead ings  from t h e  ana log  system. 
B .  System Maintenance 
The system maintenance procedures were g iven  i n  t h e  Phase I 
Report  .7  
manufacturers  s e r v i c e  c o n t r a c t  f o r  t h e  d u r a t i o n  of Cont rac t  
NAS 9-5880. 
Kaman Instruments  k e p t  t h e  d i g i t a l  computer under a 
The c o s t  of a s e r v i c e  c o n t r a c t  i s  $231 per  month. 
7f1Development of Ins t rumen ta t ion  for Measurement of Bone Densi ty" ,  Phase 
I R e p o r t ,  Con t rac t  NAS 9-5880, January 1 0 ,  1967. 
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During t h e  per iod  of t h e  s e r v i c e  c o n t r a c t ,  t h e  fo l lowing  service 
cal ls  were made : 
August 2 5 ,  1966 Accumulator Problems 
September 14 ,  1966 
October 11, 1966 Tape and Operator Problems 
A / D  Problem - Tele type  Logic 
The above s e r v i c e  c o n t r a c t  i nc ludes  p a r t s .  Without a s e r v i c e  
c o n t r a c t  t h e  minimum charge f o r  each of t h e  above s e r v i c e  ca l l s  
i s  $180 p lus  parts. 
On t h e  basis of t he  above h i s t o r y ,  a s e r v i c e  c o n t r a c t  i s  
more expensive than  o n - c a l l  s e r v i c e .  However, t h e  s e r v i c e  
c o n t r a c t  i nc ludes  pe r iod ic  system checks which provide some 
degree  of p r o t e c t i o n  a g a i n s t  a small e r r o r  a f f e c t i n g  t h e  d a t a  
f o r  a n  extended per iod  of t i m e .  
is d i f f i c u l t  t o  make a s p e c i f i c  recommendation concerning 
I n  t h i s  p a r t i c u l a r  case it 
s e r v i c e .  S ince  no h ighly  s k i l l e d  computer o p e r a t o r s  are 
a v a i l a b l e  a t  t h e  computer, it appears  t h a t  t h e  s e r v i c e  c o n t r a c t  
t y p e  of s e r v i c e  a f f o r d s  a r a t h e r  inexpensive form of insurance  
t h a t  t h e  system is  ope ra t ing  p rope r ly .  
